The HPLC/MS system, in which a monolithic silica capillary column is directly connected to an electronspray-ionization mass spectrometer, showed superior performance at high mobile phase linear velocity. A two-dimensional (2D) HPLC/MS system was established, using an ion-exchange particle-packed capillary column at the first dimension and a monolithic silica capillary column at the second dimension. In an analysis of tryptic fragments from bovine serum albumin, an 81% sequence coverage, obtained by the 2D-HPLC/MS system, increased by 23% as compared to a 1D-HPLC/MS system. This 2D-HPLC/MS system using a monolithic silica capillary column should be useful for enhancing sequence coverage of tryptic fragments in proteomics.
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Multi-dimensional separation techniques such as twodimensional (2D) capillary electrophoresis 1) and 2D-HPLC [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] have recently been applied to proteome analysis, including shot-gun proteomics using tandem mass spectrometry, 2) as high-throughput and highefficient separation systems. High performance, sensitivity, and selectivity of mass spectrometric detection are essential for the identification of peptides in proteomics. Peptide samples should be separated efficiently prior to MS analysis to circumvent ion suppression.
In the 2D-HPLC system, a column at the first dimension (1st-D) is used for specific separation, while a column at the second dimension (2nd-D) is used for elution of the fractions from the 1st-D column at very high flow rates. Monolithic columns are suitable as 2nd-D columns in 2D-HPLC systems. On the basis of small-sized skeletons and high permeability, monolithic columns with a 3D-network structure show higher performance and lower pressure drop, especially at high linear mobile phase velocity, than conventional particlepacked columns. 13, 14) Capillary columns are typically used as the separation medium in HPLC/MS. Although capillary columns packed with particles show problems associated with packing reproducibility and stability and column back pressure, monolithic silica capillary columns are easily prepared while retaining the unique character of monolithic columns. 15) In the present study, we report on the 2D-HPLC/MS system for tryptic fragment analysis using a monolithic silica capillary column bonded octadecylsilyl. The 2D-HPLC/MS system consists of a capillary cation exchange particle-packed column at the 1st-D and a monolithic column at the 2nd-D. Sample peptides were separated in ion-exchange mode at the 1st-D, and each fraction was then directly loaded onto the 2nd-D column, the outlet of which was connected to an electrospray-ionization mass spectrometer (ESI-MS). The system was used to identify tryptic fragments from bovine serum albumin (BSA) by peptide mass fingerprinting.
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Materials and Methods
Samples. Tryptic fragments from BSA (Sigma, St. Louis, MO) were used as sample peptides. BSA (1 mg) was dissolved in 1 ml of 10 mM Tris-HCl (pH 8.0) and mixed with trypsin (Promega, Madison, WI) to a final concentration of 2 mg/ml. After the reaction at 37 C for 24 h, the mixture was filtered through a 0.45 mm filter (Advantec, Tokyo), and a 0.1 ml aliquot was injected into the 1st-D column.
HPLC.
A scheme for the 2D-HPLC system using a monolithic silica capillary column is shown in Fig. 1 . In this system, a PU-711 pump (GL Sciences, Tokyo), a C4-0004 injector (VICI, Houston, TX), and a 10-port valve V-427 (Upchuch, Oak Harbor, WA) for the 2nd-D injector were used. Data were collected and computed with Workstation software (Applied Biosystems, Foster City, CA).
In reversed-phase mode in 1D-HPLC or at the 2nd-D in 2D-HPLC, a monolithic silica capillary column (10 cm long, 200 mm ID) was used at a flow rate of 3.0 ml/min. The gradient was provided by changing the mixing ratio of the two eluents: A, 0.1% (v/v) acetic acid, and B, acetonitrile containing 0.1% (v/v) acetic acid. The gradient was started with 5% B for 1 min, increased to 60% B for 5 min, further increased to 95% B within 2 min to wash the column, then returned to the initial condition and held for 1 min for re-equilibration.
In ion-exchange mode at the 1st-D in 2D-HPLC, a cation exchange column MCI CQK-31S (Mitsubishi Chemical, Tokyo) packed with 5 mm polymeric beads in a fused silica capillary (30 mm long, 0.2 mm ID) was used. The gradient was provided by changing the mixing ratio of the two eluents: A, 5 mM ammonium acetate (pH 3.0), and B, 5 mM ammonium acetate (pH 3.0) containing 0.5 M ammonium chloride. The gradient involved 0, 10, 20, and 100% B for 3 min each.
A sample was first injected onto the 1st-D column and the untrapped analyte on the column was directly loaded onto the 2nd-D column I (Fig. 1 ). In the second step, a 10-port valve position was changed to start the gradient at 2nd-D column I and the analyte that eluted from the 1st-D was loaded onto the 2nd-D column II ( Fig. 1) and washed, and then the gradient for the 2nd-D column II was started.
Mass spectrometry. A matrix-assisted laser desorption/ionization mass spectrometer (MALDI-MS), Voyager RP (Applied Biosystems) was used. A peptide mixture in 60% (v/v) acetonitrile containing 0.3% (v/v) trifluoroacetic acid (TFA) was mixed with the matrix solution, 10 mg/ml -cyano-4-hydroxycinnamic acid in 60% (v/v) acetonitrile containing 0.3% (v/v) TFA. One ml aliquots of the mixture were spotted on the MALDI target sample plate, followed by drying at room temperature. The instrument was calibrated with angiotensin II and oxidized insulin B chain (Sigma). An ESI-MS, Mariner (Applied Biosystems), was used. The fused silica capillary for the spray tip (7 cm long, 80 mm OD, 20 mm ID) was donated by GL Sciences. An electric field of 3.5 kV was applied to ESI with a sheath flow of nitrogen gas at 2 l/min to facilitate ionization. The tip temperature was set at 140 C. A mass range from 400 to 2000 m/z was scanned in 1.0 s for data acquisition. The instrument was calibrated with angiotensin I, neurotensin, and bradykinin (Sigma). The masses of the tryptic fragments from BSA were analyzed with MASCOT software (Matrix Science, Boston, MA).
Results and Discussion
Design of the 2D-HPLC/MS system Table 1 shows a set of sequence coverage of the peptide fragments identified from BSA by each ionization and injection method. The low values for the sequence coverage by MALDI-MS and ESI-MS by flow injection analysis (40% and 35%, respectively) are due mainly to small numbers of identified peptides below 1,000 Da and above 2,000 Da respectively. In the case of using multiple enzymes for protein digestion and two compounds as a sample matrix, it has been reported that sequence coverage increased more than 90% in a MALDI-MS analysis of fragments of human serum albumin. 16) In any case, optimized preparation of a complex peptide mixture before MS analysis is essential to improve the efficiency of peptide identification in a wide mass range. An HPLC using a monolithic silica capillary column can be operated at a flow rate of about 2-10 ml/min and can be connected directly to the ESI-MS, while the connection of a conventional HPLC to an ESI-MS requires a splitter or a turbo ion spray module. As shown in Table 1 , the value of the sequence coverage by the 1D-HPLC/MS system (58%) is higher than that by ESI-MS with flow injection. The increase in the sequence coverage obtained by the 1D-HPLC/MS system can be directly attributed to pre-separation in reversed-phase mode before MS.
In an attempt further to improve the separation of peptides for analysis of the complex mixture and increase the sequence coverage, the 2D-HPLC system, using an ion-exchange particle-packed column at the 1st-D and a monolithic silica capillary column at the 2nd-D, was connected to the ESI-MS. Since 2nd-D analysis of 2D-HPLC should be performed at high linear velocity, a monolithic silica column was used for the 2nd-D column of the present 2D-HPLC system. 17) The monolithic column exhibited performance superior to that of the packed column, especially at high linear velocities, 15) and therefore is well suited to high-speed separation in 2nd-D analysis of the 2D-HPLC system. Figure 2 shows the total ion chromatogram for tryptic fragments from BSA obtained with the 2D-HPLC/MS system. The monolithic silica capillary column made possible high performance at a high mobile phase linear velocity at the 2nd-D in the system: peptides in each of four fractions at the 1st-D were efficiently separated within 10 min, including washing and re-equilibration (Fig. 2) . The peptides identified with the 2D-HPLC/MS system are shown in Table 2 and Fig. 3 . Fifty-four peptides (81% of the sequence coverage), including some peptides that could not be detected using the 1D-HPLC/MS system, were identified with the 2D-HPLC/MS system, while only 41 peptides (58% of the sequence coverage) were identified when the 1D-HPLC/ MS system was used (Tables 1 and 2 ). As shown in typical mass spectra of the 1D and 2D-HPLC/MS systems (Fig. 4) , one identified peak at 700.4 m/z (residues 545-556, TVMENFVAFVDK) was observed in both spectra, and a larger number of unidentified peaks were observed in the spectrum of the 1D-HPLC/ MS system than in the 2D-HPLC/MS system. Therefore, efficient separation of a peptide mixture with the 2D-HPLC/MS system using a monolithic silica capillary column decreases the number of peaks in each mass spectrum and achieves a larger number of accurate masses of peptides. The sequence coverage obtained with the 2D-HPLC/MS system using a monolithic silica capillary column was also higher than previously reported values, in which other systems were employed, including capillary electrophoresis/MALDI-MS (55% of the sequence coverage) 18) and LC/ESI-MS (41% of the sequence coverage). 19) In conclusion, the 2D-HPLC/MS system using a monolithic silica capillary column was evaluated using tryptic fragments. This system made possible the efficient separation of a peptide mixture and high sequence coverage by peptide mass fingerprinting. Improvements in experimental conditions, including fractionation intervals and eluents, and in columns used at the 1st-D, in addition to an ion-exchange column, Fractions 1-4 of an ion-exchange column at the 1st-D were eluted with 0, 50, 100, and 500 mM ammonium chloride respectively. 
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should further improve the performance of the system, and it is promising for proteome analysis. The mass and amino acid sequence of the identified peptide (residues 545-556 in Table 2 ) is indicated. Fragments identified by the 1D and 2D-HPLC/MS systems using a monolithic silica capillary column are boxed and half-tone dot meshed respectively.
